abstract: Thirty years ago, researchers discovered that flowers pollinated by butterflies are consistently rich in nectar amino acids, and more recent findings have shown that butterflies prefer nectar with high amino acid content. These observations led to speculation that amino acids in nectar enhance butterfly fitness and that butterflies have acted as agents of natural selection on nectar composition. Despite a number of experimental efforts over the years, convincing proof that nectar amino acids affect butterfly fitness has been lacking. Here, we provide the first evidence that amino acids in nectar have a positive effect on fecundity of one butterfly species, supporting the existence of a relationship between nectar preferences and fitness benefits. Map butterflies (Araschnia levana L.) raised under natural larval food conditions laid more eggs when they were fed nectar containing amino acids, whereas nectar amino acids had no effect on the number of eggs laid by butterflies raised on larval food rich in nitrogen. Uptake and utilization of nectar amino acids by map butterflies appear to be compensatory mechanisms enabling them to override impacts of poor larval food. These results provide strong support for the long-standing postulate that nectar amino acids benefit butterflies.
Ever since the discovery of amino acids in floral nectar (Baker and Baker 1973) and the verification that flowers pollinated by butterflies tend to have high amino acid concentrations (Baker and Baker 1975) , there has been an ongoing discussion as to whether these amino acids enhance butterfly fitness and fecundity (Murphy 1983; Moore and Singer 1987; Hill and Pierce 1989; Romeis and Wäckers 2002) . Studies have clearly shown the importance of adult uptake of sugars and water on fecundity (Norris 1934; Stern and Smith 1960; Murphy 1983; Moore and Singer 1987; Hill 1989; Hill and Pierce 1989; Braby 1994; O'Brien et al. 2000) . However, despite several experimental attempts, fitness effects of nectar amino acids on butterfly fecundity have not been detected (Murphy 1983; Moore and Singer 1987; Hill 1989; Hill and Pierce 1989; MeviSchütz and Erhardt 2003a ).
The importance of adult feeding on butterfly fitness depends on a variety of life-history parameters (Boggs 1986) , and fecundity is affected by a number of factors (i.e., larval size, nuptial gifts, adult feeding; Leather 1995) . Previous studies dealing with effects of adult nutrition on butterfly fecundity neglected the importance of variation in nutrients acquired during the larval stage. However, the quantity and quality of larval uptake does have a substantial effect on fecundity (Dennis 1993) . In general, females reared on old nitrogen-poor foliage are smaller and lay fewer eggs (Blais 1953; Hough and Pimentel 1978) . The quality of larval food can vary as a result of seasonal fluctuation, herbivory, and trimming or mowing practices and can influence growth rates and pupal weights (Pullin 1987b) . Variation in larval reserves, represented by the size of the emerging butterfly, generally influences fecundity and, presumably, butterfly reliance on adult uptake. Thus, under suboptimal larval conditions, adult feeding could compensate for nutritional deficiencies, and uptake of nectar amino acids may be especially important in determining final fecundity and longevity.
Adult conditions are also known to influence fecundity. The number and maturity of eggs with which females emerge (Labine 1968; Boggs 1981) , the degree of polyandry, and the nutritional value of nuptial gifts all influence butterfly fecundity, thereby affecting the need for and utilization of adult food (Rutowski et al. 1987; Wiklund et al. 1993; Stjernholm and Karlsson 2000) . Furthermore, quantity and quality of adult uptake directly affect longevity (Stern and Smith 1960; Murphy 1983; Pivnik and McNeil 1985; Watanabe 1992) , which could influence fe-cundity. Butterflies benefit from amino acids in pollen (Gilbert 1972; Dunlap-Pianka et al. 1977) , and radiotracer studies have shown that amino acids ingested by adults are incorporated into eggs (Boggs 1997a) , demonstrating pathways from adult amino acid uptake to egg supplementation.
Several studies have shown that female butterflies prefer nectar mimics with amino acids over nectars lacking amino acids (Alm et al. 1990; Erhardt and Rusterholz 1998; Mevi-Schütz and Erhardt 2003b) , whereas males show no preference. This difference between the sexes may be due to sex-related utilization of nectar amino acids, differences in male and female abilities to compensate when larval resources are limited (e.g., male larvae invest more time in compensatory feeding [Fischer and Fiedler 2001a] , and adult males obtain nutrients via puddling [Sculley and Boggs 1996; Beck et al. 1999] ), and differences in perceiving amino acids in nectar. Variation in larval food quality affects nectar amino acid preference of female butterflies. Females raised on low-quality larval food show a higher preference (Mevi-Schütz and Erhardt 2003b ) in contrast to a decreased preference when larval host plants are supplemented with fertilizer (Mevi-Schütz et al. 2003) . Furthermore, nectar amino acid preference declines with mating frequency, suggesting that male-derived nutrients supplementing female reserves cause a decreased reliance on nectar amino acids (Mevi-Schütz and Erhardt 2004) . These results imply that females prefer nectars with amino acids when they lack alternative nitrogen sources or reserves.
Our primary objective in this study was to determine whether the use of nectar amino acids by female butterflies increases fecundity. We raised larvae of the map butterfly Araschnia levana L. on low-or high-quality diets of their natural host plant, stinging nettle Urtica dioica L. The emerging females were fed a nectar mimic either with or without amino acids. We compared the effects of these four diet treatments on several fecundity parameters, including the number of eggs laid, egg mass, longevity, and hatching rate. In addition, we characterized relationships between butterfly mass and fecundity, as well as between butterfly age and egg mass.
Material and Methods

Study Species
Araschnia levana L. (Lepidoptera: Nymphalidae), the map butterfly, is encountered in forest meadows and along forest paths. The butterfly is a diligent flower visitor, preferring a variety of white Umbelliferae, purple Asteraceae (Carduus and Eupatorium spp.), and Caprifoliaceae (Ebert and Rennwald 1991) . Araschnia levana prefers to oviposit on stinging nettle (Urtica dioica L.) found along damp, shady forest edges. Larvae are found exclusively on Urtica species. These undisturbed areas are rarely mowed, so summer generation larvae develop exclusively on older and hence nutrient-poor plants. Furthermore, the larvae of both spring and summer generations tend to inhabit older leaves 15-30 cm below the shoot apex. Eggs are laid in chains on the underside of the leaves, and larvae remain gregarious in groups of 10-30 animals until pupation (Ebert and Rennwald 1991) .
Plant Material and Foliar Chemistry
We marked a patch of U. dioica L. located at the forest edge of the Dinkelberg in southwest Germany and trimmed half of the plants (randomly chosen) to a height of 20 cm. Fresh branches from this patch were collected daily from both mature uncut plants (low-quality food) and newly regrowing stems (high-quality food) to feed to the larvae. Furthermore, we collected leaves on the first, seventh, and fourteenth day of larval feeding (total N p plants/treatment) for foliar chemistry analysis. Leaf wa-30 ter content was obtained by comparing the mass of leaves when fresh and after drying at 80ЊC for 48 h. Leaf nitrogen (N) and carbon (C) concentrations were determined using a CHN analyzer (LECO Instruments, model 932, St. Joseph, MI). Urtica dioica plants were grown from seed collected the previous season from the same area (15 seeds/ 500-mL pot) in the greenhouse (day/night regime of 24ЊC/ 18ЊC on a 16L : 8D photoperiod) for use as oviposition substrate.
Larval Diet
We collected A. levana eggs from six different locations in northwestern Switzerland and southwestern Germany. The batches of eggs were kept in separate petri dishes so that each butterfly could be traced back to its original location and possible batch effects could be taken into consideration. After hatching, the larvae from each location were randomly divided into two feeding groups. The larval diet, either low-quality or high-quality branches of U. dioica, were placed in plugged test tubes filled with water. Because larvae of A. levana are naturally gregarious, batches of eight to 10 larvae were placed in the 12 plastic rearing containers (30 cm) and kept at a day/night regime cm # 30 cm # 20 of 24ЊC/18ЊC on a 16L : 8D photoperiod.
Butterfly Diet and Fecundity Parameters
Butterflies were weighed 24 h after emergence (Mettler PM 4800 Delta Range, Mettler Instruments, Switzerland). We placed 60 females (10 from each location) in individual cages (40 cm) and allowed each to mate cm # 20 cm # 20 once with one unrelated male. A U. dioica plant was placed in each individual cage as a substrate for oviposition. Females were randomly assigned to a nectar diet treatment consisting of an artificial nectar with or without amino acids. Thus, four treatment combinations resulted: lowquality larval diet and nectar mimic with amino acids (low/ AA, ), low-quality larval diet and nectar mimic N p 15 without amino acids (low/NAA, ), high-quality N p 15 larval diet and nectar mimic with amino acids (high/AA, ), and high-quality larval diet and nectar mimic N p 15 without amino acids (high/NAA, ). N p 15 Nectar mimics of Lantana camara, one with amino acids and one without amino acids, were used throughout the experiment. Although this is not one of A. levana's natural food sources, this nectar composition was chosen because it has been used in several studies on amino acid preference (Alm et al. 1990; Erhardt and Rusterholz 1998; MeviSchütz and Erhardt 2003b) , it has the same amino acid composition as other essential nectar plants of this region (Rusterholz 1998) , it has a high nectar amino acid concentration, and it is often visited by butterflies. Both nectar mimics contained 0.547 M sucrose, 0.282 M glucose, and 0.316 M fructose. The nectar mimic with amino acids additionally contained the nonessential amino acids alanine (0.718 mM), asparagine (0.421 mM), glutamic acid (0.326 mM), glutamine (0.931 mM), glycine (2.371 mM), proline (2.23 mM), and serine (1.37 mM) and the essential amino acids arginine (0.201 mM), threonine (0.672 mM), tyrosine (0.221 mM), and valine (0.137 mM). The test solutions were made with sodium-free substances.
We offered the butterflies their respective diets once a day and allowed them to drink until they voluntarily left the feeding station. The feeding station consisted of a calibrated glass tube containing 240 mL of nectar attached to a purple silk flower protruding from a block of green Styrofoam. We measured the volume of nectar consumed by each individual each day, using a 100-mL Hamilton syringe.
We recorded the longevity of each female. After the butterflies died, they were bagged and dried at 80ЊC for 48 h. The total dry mass, as well as the abdomen dry mass, was measured. The abdomen was then ground, and the C/N ratio was analyzed using the CHN analyzer.
Any female that failed to lay viable eggs ( ), died n p 4 ( ), or escaped ( ) before day 6 was excluded n p 5 n p 2 from the analysis. In total, 49 butterflies were used: 15 low/AA, 14 low/NAA, 11 high/AA, and 9 high/NAA. The death rate before day 6 was not significantly different between groups ( ,
x p 0.19 P 1 .05
Egg Mass and Hatching Rate
The eggs were counted and weighed (Mettler M3, Mettler Instruments, Switzerland) each day. Araschnia levana lay their eggs in chains consisting of up to 22 eggs. The chains in this experiment had a range of two to 16 eggs ( ). To avoid damaging individual eggs mean p 7.54 ‫ע‬ 0.26 during separation, we measured egg mass in the naturally occurring chains and estimated individual egg mass by dividing total weight of the egg chain by the number of eggs. Twelve eggs from each individual were freeze killed at Ϫ70ЊC and dried at 80ЊC for 24 h ( eggs), total p 588 and C and N concentrations were determined (CHN analyzer). The remaining eggs were placed in petri dishes, and the hatching rate was recorded.
Statistical Analysis
Plant quality variables (leaf water concentration, leaf nitrogen, and C/N ratio) were compared between old growth (low-quality) and regrowth (high-quality) larval food resources using one-way MANOVA. Tukey-Kramer post hoc analyses were used for each variable to determine differences between treatments.
All continuous variables were log n transformed before analysis. The C/N ratios were square root transformed. Larval duration and adult emergence mass were analyzed with two-way ANOVAs, with the factors larval food quality (low, high) and batch (as a random effect). Each reproductive trait (total number of eggs laid, mean egg mass, hatching rate, longevity, and C/N ratio of abdomens from deceased females) was analyzed with ANCOVA. The model used nectar amino acid diet (AA/NAA) as a factor and female emergence mass (as expression of larval food quality) and the amount of nectar consumed per day as covariates. In addition, because larvae raised in the same rearing box (eggs from the same batch) are not independent of each other, we used a nested model where the effects and interactions were tested against the random factor batch. The C/N ratio of the eggs was tested with two-way ANOVA using the factors larval diet (high/low), nectar amino acid diet (AA/ NAA), and their interaction. The daily amount of nectar mimic consumed was tested with ANCOVA with nectar amino acid diet (AA/NAA) as a factor, emergence mass as a covariate, and batch as a random factor. Tukey-Kramer's HSD comparisons ( ) were performed between the P ! .01 levels of significant factors.
The relationships between butterfly emergence mass and the total number of eggs and egg mass were tested with correlation analysis. The decrease of egg mass over time for all groups and between adult diet treatments was tested with regression analysis. A repeated-measures mixedmodel analysis was used to test effects of experiment day, . Treatments with a different letter Mean ‫ע‬ SE above the bar differed significantly (Tukey-Kramer HSD, ). P ! .01 adult diet, individual (random factor), and the interaction between experiment day and adult diet on egg mass decrease. All statistical analyses were performed in JMP, version 3 (SAS Institute, Cary, NC).
Results
Larval Host Plant Quality
Plant quality differed between old mature (low-quality) and regrowth (high-quality) Urtica dioica ( , F p 15.81 , ). Leaf water content did not differ df p 2, 58 P ! .001 between the low-and high-quality larval food ( ). P 1 .05 Leaf nitrogen content was significantly higher in the highquality larval food ( ; fig. 1A ), and accordingly, the P ! .05 C/N ratio was significantly lower in the high-quality larval food ( ). P ! .05
Effects of Larval Diet
Larval duration was significantly longer in the low-quality larval food group ( days) 
Effects of Nectar Amino Acids on Butterfly Fecundity
The number of eggs laid differed among the treatment groups ( , , ; table 1). Female F p 5.99 df p 3, 45 P p .0016 emergence mass (which reflects larval food quality), adult nectar diet, and the amount of nectar consumed all had significant effects on the number of eggs laid (table 2) . Furthermore, there was a significant interaction between emergence mass and adult diet on the number of eggs laid. Tukey-Kramer's HSD comparisons revealed that the number of eggs laid by butterflies raised on the low-quality diet that received amino acids as adults (low/AA) did not differ significantly from either group raised on the highquality larval diet (high/NAA and high/AA). In contrast, butterflies from the low-quality larvae receiving no amino acids (low/NAA) laid significantly fewer eggs ( fig. 2) .
Mean egg mass ( The C/N ratio of the abdomens from deceased females did not differ significantly between groups ( , F p 0.92 , ; table 1). Emergence mass had a mardf p 3, 42 P p .439 ginally significant effect ( , , ) F p 3.84 df p 1, 36 P p .058 and the daily amount of nectar consumed had a significant effect ( , , ) on the C/N ratio F p 6.73 df p 1, 36 P p .014 of the females' abdomens, whereas adult diet, batch, and the interactions were not significant.
Effect of Emergence Mass on Egg Number and Egg Mass
Butterfly emergence mass was positively correlated with the total number of eggs laid ( ; ; r p 0.468 N p 49 P p ) when all groups were analyzed together. In contrast, .0007 emergence mass was not correlated with individual egg mass ( ; ; ). r p 0.257 N p 49 P p .0741 
Egg Mass Decrease over Time
Discussion
Nectar Amino Acids Affect Butterfly Fecundity
This study demonstrates that amino acids found in nectar are a significant nutritional source for female map butterflies. Not only did the females raised on the low-quality diet that received nectar amino acids (low/AA) lay more eggs than females receiving no amino acids (low/NAA), but also they were able to lay nearly as many eggs as butterflies raised on the high-quality larval diet. The low nitrogen content of mature leaves of the host plant Urtica dioica resulted in longer larval development and lower emergence mass of butterflies raised on the low-quality diet. This same effect was found in Inachis io and Aglais urticae larvae raised on old mature U. dioica leaves (Pullin 1987a) . Furthermore, Aglais levana females raised under poor larval food conditions show a clear preference for nectar with amino acids, whereas females raised on highquality larval food show no such preference (Mevi-Schütz and Erhardt 2003b) . This increased preference for nectar amino acids, as well as the increased fecundity of females raised on a low-quality larval diet and fed nectar amino acids in this study, reflects the nutritional condition (lower weight, fewer reserves) of the emerging butterflies. These poorer nutritional conditions are the rule for secondgeneration A. levana feeding on older U. dioica foliage and may be a common occurrence for other nettle-feeding species (e.g., I. io, A. urticae, Vanessa atalanta, and Cynthia Note: Emergence mass is shown as an expression of larval diet, and adult nectar diet is shown as AA versus NAA. F values of the ANCOVA are presented.
a ANOVA with low/high larval diet as factor was used rather than female emergence mass because egg C/ N ratios were determined using groups of eggs (see "Methods"). * .
cardui) under natural conditions and in particular later in the season.
Our results also demonstrate that nectar amino acids are not essential to optimize fecundity under good larval food conditions. Females from the high-quality larval food groups laid the same number of eggs regardless of adult diet. Thus, the uptake and utilization of nectar amino acids by butterflies appear to be compensatory mechanisms enabling them to override larval deficits. This study shows that the preferences exhibited by the butterflies are driven by essential fitness-relevant needs for amino acids. In contrast, previous researchers, working with relatively shortlived butterfly species that emerge with a number of mature eggs, have been unable to find a positive nectar amino acid effect with respect to egg number (Moore and Singer 1987; Hill 1989; Hill and Pierce 1989; Mevi-Schütz and Erhardt 2003a) . Optimal larval diet and benign greenhouse conditions may have masked the importance of adult amino acid uptake. Furthermore, the amount and combination of amino acids used in the above-mentioned studies (Moore and Singer 1987; Hill 1989; Hill and Pierce 1989) did not correspond to the nectar composition of butterfly-visited flowers. The presence of amino acids in the diet of the hawk moth Amphion floridensis also had little or no effect on fecundity (O'Brien et al. 2000) , and nonessential amino acids are incorporated from the adult diet into the eggs of this hawk moth, whereas essential amino acids arise exclusively from the larval diet (O'Brien et al. 2002) . Hawk moth species generally visit flowers with significantly lower nitrogen concentrations than those visited by butterflies (Baker and Baker 1977) and perhaps rely less on nectar amino acids. Alternatively, the higher consumption rate of hawk moths could result in equivalent amino acid uptake, in which case the role of amino acids is unknown.
Increased preference for nectar amino acids due to a low-quality larval diet (Mevi-Schütz and Erhardt 2003b) and the resulting benefits of nectar amino acids found in this study demonstrate a possible variation in reproductive allocation patterns between juvenile and adult diets. The significant interaction between larval diet and adult diet on fecundity verifies the differential importance of adult diet, depending on larval conditions. The impact of alterations in food uptake in either the larval or adult stage will depend on the relative importance of the nutrients to fecundity. Allocation to reproduction from juvenile stored reserves and adult feeding can vary and may depend on the quality and quantity of both diets (Boggs 1997b) . For example, larval-derived amino acids used in egg production decline as Speyeria mormonia ages, and adult-derived amino acids become increasingly important (Boggs 1997a) . Furthermore, fluctuations in larval stores due to seasonal conditions could affect butterflies' selection for flowers with nectars having higher amino acid concentrations. For instance, Lysandra bellargus females of the spring generation prefer flowers with high concentrations of nectar amino acids, whereas fall generation females appear to be less specific (Rusterholz and Erhardt 2000) .
This seasonal difference may result from differences in larval uptake. Individuals of the spring generation overwinter as larvae and may be more nutrient stressed than their counterparts, which are able to accumulate higher levels of nitrogen during the summer. Therefore, the utilization of nectar amino acids becomes relevant for any butterfly species subjected to poor larval food, be it from natural seasonal differences or anthropogenic cultivation practices (mowing, trimming, clearing).
Effects of Emergence Mass on Egg Number and Egg Mass
Butterfly size may strongly influence egg number and egg size (Wiklund et al. 1987; Garcia 2000; Tammaru et al. 2002) . The emergence mass of our A. levana butterflies correlated with the number of eggs laid but not with average egg mass. Surprisingly, neither larval nor adult diet affected egg mass in this species. Although the advantage of laying more eggs is obvious, evidence for benefits of laying larger eggs is inconsistent (Wiklund and Karlsson 1984; Braby 1994; Garcia 2000; Fischer and Fiedler 2001b) . The hatching rate, as a fitness parameter of A. levana, was not correlated with egg mass in this study ( , 2 r p 0.017 ). Furthermore, we found no evidence that egg P p .376 number acted as a constraint on egg mass because average egg mass was the same in all groups. A trade-off between egg number and egg mass, due to lower emergence mass under poor larval food conditions, was not apparent. This suggests that egg size of A. levana is a conserved trait, whereas egg number shows more plasticity.
Egg Mass Decreases over Time
Although egg mass was unaffected by all tested parameters, A. levana laid eggs that decreased in mass over the oviposition period. However, individual egg mass decrease was less pronounced when females were fed nectar containing amino acids. Decreases in egg mass and progressively smaller eggs laid during the oviposition period have been found in other species (Wiklund et al. 1987; Hill and Pierce 1989; Braby 1994 ). Yet, egg weight remained constant in butterflies feeding on rotting fruit, perhaps because of the amino acid uptake (Braby and Jones 1995) . Whether or not egg size affects offspring fitness and survival is equivocal. Both negative (Wiklund and Karlsson 1984) and positive (Braby 1994) correlations between egg size and offspring fitness have been reported. Maintained egg mass in A. levana due to the availability of nectar amino acids may, under adverse larval conditions (tougher nitrogenpoor host plants), be advantageous.
Ecological Aspects of Nectar Amino Acids
Butterflies may find themselves with inadequate resources to complete development as urbanization and fragmentation of the environment continue to diminish suitable natural ecosystems. Females may resort to ovipositing on larval food plants of poorer quality, and food deficiencies are likely. Elevated CO 2 is known to affect larval food by decreasing leaf nitrogen concentration (Watt et al. 1995; Cortufo et al. 1998) . Alterations in larval food can result in longer development times and smaller adults (Lincoln et al. 1986; Bezemer and Jones 1998; Goverde et al. 1999) . Fragmentation can interfere with flower visitation patterns (Cresswell 1997; Goverde et al. 2002a ) and hamper nectar feeding, resulting in decreased adult nectar uptake. Compensatory feeding and the utilization of amino acid-rich nectar could alleviate some of these effects. Nutritionally deficient and smaller adults may rely more on adult uptake, and these butterflies will visit flowers offering higher nectar amino acid concentrations. Thus, changes in foraging patterns and pollination behaviors are possible. However, increased atmospheric carbon dioxide could alter the composition and reduce amino acids in nectar of flowers utilized by butterflies . Not only will butterflies have to deal with poor larval conditions due to increased atmospheric CO 2 , but also they will be unable to compensate for nutritional deficiencies as adults, and hence fewer eggs will be laid. Thus, changes in host plant quality, both for larvae and adults, might negatively affect butterfly populations. Furthermore, fertilizer addition can enhance effects of CO 2 (Goverde et al. 2002b) , alter amino acid concentration in nectar (Gardener and Gillman 2001), and change nectar amino acid preference in butterflies (Mevi-Schütz et al. 2003) , so widespread fertilization may also affect butterfly populations.
In conclusion, it appears that nectar amino acids serve to improve reproductive success of map butterflies under suboptimal larval conditions. However, suboptimal conditions may be the rule rather than the exception in nature. Therefore, nectar amino acids should be recognized as essential resources affecting butterfly fecundity and butterfly populations. Our study shows for the first time the fitness relevance of nectar amino acids for butterflies and clearly provides the link between nectar amino acid preference and nectar amino acid utilization. Plants dependent on butterfly pollination obviously respond to the butterflies' vital need for amino acids by providing high levels of nectar amino acids. Butterflies such as A. levana may indeed have acted as agents of natural selection as was suggested 30 years ago by Baker and Baker (1973) . Under present deteriorating conditions for both larval and adult butterfly needs, the compensatory behaviors documented here may become less effective or even disrupted. Thus, our study not only demonstrated a fascinating facet of butterfly-plant interactions but also shows how threatened such subtle interactions are under present human impact.
